D
endritic cells (DCs) 3 are potent APCs that have been used in cancer vaccines because of their ability to initiate CD8
ϩ CTL-mediated immune responses (1) . Tumor-associated Ags (TAAs) presented by DCs are needed to evoke tumor-specific immune responses. Various strategies have been developed to deliver TAAs into DCs with tumor RNA, tumor lysates, or apoptotic tumor cells to elicit and boost antitumor immune response (2) (3) (4) (5) . An alternative strategy for inducing antitumor immunity is the use of fusion cells (FCs) derived from DCs and tumor cells. In this approach, TAAs, including both known and unidentified Ags are delivered to DCs, processed, and presented through both MHC class I and II pathways in the context of costimulatory molecules (6) . We have previously reported that immature (Imm) DCs (Imm-DCs) fused with autologous tumor cells can induce Ag-specific polyclonal CTLs in vitro (7) (8) (9) (10) (11) . Although immunization with DC/tumor cell FCs in patients with cancer has been associated with immunological responses in phase I clinical trials, early clinical trials have shown only limited success (12) (13) (14) (15) (16) (17) . Because this DC/tumor cell FC approach was developed in animal studies, many adjuvants, including IL-2, IL-12, IL-18, and synthetic oligodeoxynucleotides (ODNs) containing specific bacterial unmethylated CpG motifs (CpG ODNs), have been used to enhance the ability of DC/tumor cell FC vaccines to evoke antitumor immune responses (18 -22) . These results suggest that an adjuvant is needed to enhance antitumor immunity when DC/tumor cell FC vaccines are used to treat cancer in human patients.
Effective adjuvants for enhancing the induction of Ag-specific CTLs are heat-shock proteins (HSPs), to which the ability of heattreated tumor cells to enhance immunogenicity has been attributed (23) (24) (25) (26) (27) (28) . The HSP family includes both constitutively expressed proteins (HSC) and proteins environmentally induced under stress, including heat-treatment. The HSPs are chaperon proteins that can carry peptides, including antigenic peptides. The HSP/peptide complexes can be taken by DCs through receptors and presented in MHC class I and II molecules on DCs (23, 26, 29) . This phenomenon leads to activation of maturation and representation of peptide Ag cargo of HSPs by DCs, with migration to draining lymph nodes, where DCs present Ags to naive T cells and initiate CTL responses (26) . Moreover, autologous HSP peptide vaccines have induced CTLs against autologous tumor cells in several trials in patients with cancer (30) .
Ligands for TLR are potent stimuli for DC maturation. The triggering of TLR by pathogen-associated molecular patterns potently induces DC maturation, leading to the production of proinflammatory cytokines and the up-regulation of costimulatory molecules (31, 32) . Therefore, TLR-mediated signals play an important role in the induction and regulation of antitumor immune responses (31, 32) . OK-432, a penicillin-killed and lyophilized preparation of a low-virulence strain (Su) of Streptococcus pyogenes (group A), has been used without apparent side effects for Ͼ20 years as an adjuvant for patients with cancer (33) (34) (35) . OK-432 activates neutrophils, macrophages, lymphocytes, and NK cells by inducing multiple cytokines, such as IL-12 and IFN-␥, and polarizes the T cell response to a helper Th1-dominant state (33) (34) (35) . Moreover, OK-432 promotes functional maturation of DCs through the TLR4 and ␤ 2 integrin system to enhance Ag-specific CTL responses to a greater extent than does a previously reported mixture (consisting of TNF-␣, IL-1␤, IL-6, and PGE 2 ) or LPS (34 -40) . We have also reported that OK-432 promotes fusion efficiency and the induction of tumor-specific CTL by FCs (41) .
We are attempting to produce a more effective DC/tumor cell FC-based vaccine. We have generated FC-based vaccination strategies strong enough to circumvent tumor escape, which is, at least in part, due to the poor immunogenic nature of the tumor cells. In this study, we have created four types of FC preparation by alternating FC partners: 1) Imm-DCs fused with unheated tumor cells (Imm-FCs); 2) Imm-DCs fused with heat-treated tumor cells (Imm/HS-FCs); 3) DCs stimulated with OK-432 (OK-DCs) and fused with unheated tumor cells (OK-FCs); and 4) OK-DCs fused with tumor cells that have been stressed by heat treatment before fusion (OK/HS-FCs). We show that Imm/HS-FCs are better able than Imm-FCs to up-regulate expression of TAAs (carcinoembryonic Ag (CEA) and MUC1), HLA-ABC (HLA-A2 and/or A24), HLA-DR, costimulatory molecules (CD80 and CD86), and the DC maturation marker CD83 and thus enhance their immunogenicity. Although OK-FCs induce superior CTL activity in vitro, OK/HSFCs were the most effective inducers of Ag-specific CTL activation in the present study. We conclude that fusions of OK-DCs and heat-treated tumor cells can serve as the basis for a fusion-based vaccine in patients with cancer and may provide a platform for adoptive immunotherapy.
Materials and Methods

Cell lines
Colorectal carcinoma cell lines (COLP-2, COLP-12, and COLM-6) and ovarian cancer cell line (OVAP-1) were established and maintained in TIL Media I medium (Immuno-Biological Laboratories) (42) . K562 and T2 cells (American Type Culture Collection) were maintained in DMEM and IMDM medium, respectively. All medium were supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin.
Generation of DCs
Monocyte-derived Imm-DCs generated from PBMCs (obtained with informed consent and the approval by our institutional review board) were cultured for 6 days in RPMI 1640 medium containing 1% heat-inactivated autologous serum, 1000 U/ml GM-CSF (PeproTech), and 500 U/ml IL-4 (Diaclone Research) (43) . OK-DCs were generated by treating Imm-DCs with 0.1 KE/ml (0.1 KE equals of 0.01 mg of dried streptococci) OK-432 (Chugai Pharmaceutical) for 1 day and were then used for fusion.
Preparation of autologous tumor cells
Specimens from resected tumors (obtained with the approval of our institutional review board) were isolated and maintained in TIL Media I medium with 10% heat-inactivated autologous serum, 2 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. To prepare heat-treated autologous colorectal carcinoma cells, the cells were cultured at 42°C for 3 h, followed by recovery for 24 h at 37°C.
Phenotype analysis
Cells were incubated with FITC-conjugated Abs against-MUC1 (HMPV; BD Pharmingen), CEA (B1.1; BD Pharmingen), MHC class I (W6/32), MHC class II (HLA-DR), B7-1 (CD80), B7-2 (CD86) (BD Pharmingen), HLA-A2 or HLA-A24 (One Lambda). For dual expression, cells were incubated with FITC-conjugated Abs against CEA or MUC1 and PE-conjugated Abs against HLA-DR, CD80, CD86, or CD83. For HSP expression, cells were permeabilized, incubated with PE-conjugated Abs against HSP70 (K-20; Santa Cruz Biotechnology), HSP90␣/HSP90␤ (N-1; Santa Cruz Biotechnology), or HSC70 (K-19; Santa Cruz Biotechnology), and analyzed with a FACS (FACScan; BD Immunocytometry Systems).
Fusion of DCs and colorectal carcinoma cells
Imm-DCs or OK-DCs were fused with autologous colorectal carcinoma cells in the presence of 50% polyethylene glycol (Sigma-Aldrich) (11) . After fusion, Imm-FCs and Imm/HS-FCs were cultured with 500 U/ml GM-CSF and 250 U/ml IL-4 for 3 days. OK-FCs and OK/HS-FCs were cultured for 2 days with 500 U/ml GM-CSF, 250 U/ml IL-4, and 0.1 KE/ml OK-432 and maintained with 500 U/ml GM-CSF and 250 U/ml IL-4 for an additional day.
T cell proliferation assay
T cells were cultured with DCs, heat-treated autologous tumor cells, DCs mixed with tumor cells, or four types of FC preparation at a ratio of 10:1 for 3 days in the absence of IL-2. T cells were purified with nylon wool and cultured for an additional 3 days in the presence of human rIL-2 (10 U/ml; Shionogi Company). On day 6, T cells were cultured in 96-well U-bottom culture plates. Dye solution was added, and the cultures were incubated for 4 h and assessed with Cell Titer 96 Nonradioactive Cell Proliferation Assay kit (Promega).
ELISA
The FC preparations, DCs, and heated or unheated autologous colorectal carcinoma cells were cultured (5 ϫ 10 4 cells/well) for 3 days. Supernatants from these samples were tested for IL-12p70 (BD Pharmingen) or HSP70 (Nventa Biopharmaceuticals) or both by means of ELISA. To assess the production of IFN-␥ in T cells, FC preparations were cocultured with T cells. The T cells were purified on day 3 and tested for IFN-␥ production by means of ELISA on day 6.
IFN-␥ or IL-10 production of CD4
ϩ and CD8 ϩ T cells Stimulated T cells were incubated with each cytokine-catching reagent for 5 min at 4°C, 10 ml of prewarmed complete medium was added, and the culture was incubated for 45 min. Cells were then stained with PE-conjugated anti-IFN-␥ or IL-10 detection Ab and FITC-conjugated anti-CD4 or CD8 mAb with a secretion assay kit for each cytokine (Miltenyi Biotec).
Pentameric assay
Complexes of PE-HLA-A2-MUC1 pentamer (950 -958, STAPPVHNV), HLA-A2-CEA pentamer (571-579, YLSGANLNL), or HLA-A24-CEA pentamer (652-660, TYACFVSNL) or irrelevant pentamer (Proimmune) were used. Stimulated T cells were incubated with PE-conjugated pentamer and FITC-conjugated anti-CD8 mAb. The pentameric staining was performed according to the manufacturer's instructions. Briefly, FC preparations were washed twice and cocultured with autologous T cells at a ratio of 1:10 in the absence of human IL-2 for 3 days. From day 4, a low dose of human IL-2 (10 U/ml) was added to the cell culture, which was maintained until day 7. The purified T cells were incubated with PE-conjugated pentamer for 10 -15 min at room temperature in the dark. After being washed with PBS, the T cells were incubated with FITC-conjugated anti-CD8 mAb for 20 to 30 min at 4°C in the dark. Cells were washed, fixed, and analyzed with FACScan and CellQuest software (BD Biosciences).
The reactivity of CD8 ϩ T cells to MUC1 or CEA or both are shown as the percentage of the total population of CD8 ϩ T cells that were double positive (CD8 ϩ pentamer ϩ ).
Cytotoxicity assays
The same numbers of four types of fused cells were cocultured with autologous T cells at a ratio of 1:10 in the absence of human IL-2 for 3 days. The number of fused cells in the FC preparations is described on the basis of the number of cells that coexpressed HLA-DR and CEA. From day 4, a low dose of human IL-2 (10 U/ml) was added to the cell culture, which was maintained until day 8. OK-DCs alone, heated tumor cells alone, and OKDCs mixed with heated tumor cells were used as controls. The cytotoxicity assays were performed by means of flow cytometry CTL assays using Active Caspase-3 Apoptosis kit I (BD Pharmingen) (44, 45) . In certain experiments, target cells were preincubated with anti-MHC class I mAb (W6/32; 1/100 dilution) or control IgG for 30 min at 37°C before the addition of effector cells. The percentage of cytotoxicity (mean Ϯ SD of three replications) was determined with the following equation: percentage of caspase-3 staining ϭ ((caspase-3
Autologous tumor-specific CD4 ϩ and CD8 ϩ T cells with IFN-␥ profiles
Stimulated T cells were incubated with autologous tumor at a ratio of 1:5. FITC-conjugated anti-CD154 mAb (TRAP-1; BD Pharmingen) (46, 47) or FITC-conjugated anti-CD107a (H4A3; BD Pharmingen) and CD107b mAb (H4B4; BD Pharmingen) (48, 49) were added to the cells during stimulation. After the first hour of incubation, 10 g/ml brefeldin A (SigmaAldrich) and 6 g/ml Golgi Stop (BD Pharmingen) were added. The cells were incubated for an additional 4 h and stained with PE-Cy-5-conjugated anti-CD4 mAb (RPA-T4; BD Pharmingen) or PE-Cy-5-conjugated anti-CD8 mAb (HIT8A; BD Pharmingen). The cells were washed, fixed, permeabilized, and stained with PE-conjugated anti-IFN-␥ mAb (Miltenyi Biotec).
Statistical analysis
The Student t test was used to compare various experimental groups. A p value Ͻ0.05 was considered to be statistically significant.
Results
Characteristic phenotype of OK/HS-FCs
Autologous colorectal carcinoma cells isolated from all patients expressed high levels of CEA, MUC1, and HLA-ABC molecules, but not HLA-DR, CD80, CD86, or CD83 molecules ( heat-treated before fusion. Heat-treatment of tumor cells resulted in up-regulation of the mean fluorescence intensity (MFI) of intracellular multiple HSPs (HSP70, HSP90, and HSC70) and production of extracellular HSP70, all of which may supply danger signals that are critical for the generation of antitumor immunity (Fig. 1, B and C) . Flow cytometric analysis of intracellular HSPs is a rapid, sensitive, quantitative, and more-reproducible method than Western blotting and is particularly suited for determining protein levels in individual cells (50, 51) . Moreover, heat-treated tumor cells displayed a characteristic phenotype with higher levels of TAAs (CEA and MUC1) and HLA-ABC (HLA-A2 and/or A24) (Fig. 1A) . These observations suggest a new approach for increasing the immunogenicity of tumor cells in a FC-based vaccine.
Monocyte-derived Imm-DCs from patients with colorectal carcinoma were generated in the presence of GM-CSF and IL-4. The maturation of DCs was effectively induced by exposure to OK-432 for 3 days. As compared with Imm-DCs, OK-DCs expressed higher levels of HLA-ABC (HLA-A2 and A24), HLA-DR, costimulatory molecules, CD86 and the maturation marker, CD83 ( Fig. 2A) . Interestingly, exposure of Imm-DCs to OK-432 was also associated with up-regulation of intracellular HSPs (HSP70, HSP90, and HSC70), extracellular HSP70, and IL-12p70 (Fig. 2 , B and C, and Ref. 41) .
We have created four types of FC preparation: 1) Imm-FCs, 2) Imm/HS-FCs, 3) OK-FCs, and 4) OK/HS-FCs. OK-FCs exhibited up-regulation of the MFIs of CEA, costimulatory molecules (CD80 and CD86), the DC maturation marker CD83, and HSPs (HSP70 and HSC70) compared with Imm-FCs or Imm/ HS-FCs. However, OK/HS-FCs exhibited significantly higher MFI per FC of CEA, CD86, HSP70, HSP90, and HSC70, as determined with FACS analysis in which FCs were isolated as double-positive populations (Fig. 3, A and B) . Furthermore, OK/HS-FCs showed significantly higher dual expression of both CEA and HLA-DR (Table I ). These findings suggest the synergism between OK-DCs and heat-treated tumor cells enhances Ag presentation.
Production of IL-12p70 and HSP70 by OK/HS-FCs
To critically assess the characteristic function of OK/HS-FCs, the production of IL-12p70 and HSP70 in supernatants from FC preparations was analyzed with ELISA. Imm/HS-FCs produced higher levels of HSP70 and IL-12p70 than did Imm-FCs (Fig. 3, C and  D) . Moreover, OK-FCs produced higher levels of IL-12p70 and HSP70 than did Imm-FCs or Imm/HS-FCs (Fig. 3, C and D) , suggesting that OK-432 promotes IL-12p70 and HSP70 production in FC preparations. We consistently observed significantly increased production of both IL-12p70 and HSP70 by OK/HS-FCs (Fig. 3, C  and D) , indicating that both OK-DCs and heat-treated tumor cells are involved in the potent activation of DC/tumor cell FCs.
Enhanced T cell activation by OK/HS-FCs
To examine the ability of FC preparations to stimulate T cells, autologous T cells were stimulated with four types of FC preparation, Imm-DCs mixed with heated tumor cells, or OK-DCs mixed with heated tumor cells in the presence of low-dose human IL-2 (10 U/ml) from day 4. Although coculture of autologous T cells with OK-FCs enhanced T cell proliferation to a greater degree than did coculture with Imm-FCs or Imm/HS-FCs, OK/ HS-FCs stimulated T cell proliferative responses more effectively (Fig. 4A) . In contrast, there was no proliferation of T cells stimulated with an unfused mixture of both DCs and heated tumor cells (Fig. 4A) .
Next, we used an IFN-␥ production assay to verify that both CD4 ϩ and CD8 ϩ T cells can be primed to produce IFN-␥ after stimulation with DC/tumor cell FCs. Imm/HS-FCs enhanced the production of IFN-␥ in both CD4 ϩ and CD8 ϩ T cells to a greater extent than did Imm-FCs. Although OK-FCs stimulated production of IFN-␥ by both CD4 ϩ and CD8 ϩ T cells to a greater extent than did Imm/HS-FCs, OK/HS-FCs stimulated IFN-␥ most effectively (Fig. 4, B and C) . In contrast, there was little, if any, IFN-␥ production by T cells cocultured with OK-DCs mixed with heattreated autologous colorectal carcinoma cells (data not shown). In addition, the low levels of IL-10 production by both CD4 ϩ and CD8 ϩ T cells stimulated by OK/HS-FCs did not impair the production of IFN-␥ (data not shown). Although Imm/HS-FCs or OKFCs could stimulate both CD4 ϩ and CD8 ϩ T cells, by themselves they could not induce full maturation of FCs. Taken together, our results show that both OK-DCs and heat-treated tumor cells contribute to enhance their ability through a fusion process to stimulate both CD4 ϩ and CD8 ϩ T cells to produce high levels of IFN-␥ and may enable stronger Th1 and CTL responses to be generated.
A synergistic augmentation of CTL generation against autologous colorectal carcinoma cells by OK/HS-FCs
To evaluate the functional significance of FC preparations on a per FC basis, autologous T cells from patients with colorectal carcinoma were stimulated with the same number of fused cells that coexpressed both HLA-DR and CEA in all four types of FC preparation in the same set of experiments. Cytotoxicity was assessed with flow cytometry CTL assays that were predicated on measurement of CTL-induced caspase-3 activation in target cells through detection of specific cleavage of fluorogenic caspase-3 (44, 45) . Although CTL activity against individual autologous colorectal carcinoma cells (HLA-ABC ϩ ) was induced by Imm-FCs in all cases examined, Imm/HS-FCs more effectively primed T cells to differentiate into CTLs able to kill autologous targets (Fig. 5A) . Although OK-FCs more effectively induced CTL generation than did Imm/HS-FCs or Imm-FCs, the number and functional activity of CTLs in T cells stimulated by OK/HS-FCs were significantly increased (Fig. 5A ). In contrast, there was minimal lysis of autologous colorectal carcinoma cells by T cells stimulated with OKDCs, heated tumor cells, or an unfused mixture of both (Fig. 5B) . In addition, lysis was inhibited by preincubation of target cells with an anti-HLA-ABC mAb, indicating restriction by MHC class I (Fig. 5C) . Significantly, the synergism between OK-DCs and heat-treated tumor cells could markedly augment CTL responses through two pathways.
Enhanced CEA-and MUC1-specific CTL responses in HLA-A2 and/or A24 restriction elements
To assess the specificity for CEA or MUC1 or both and the HLA restriction element of CTLs induced by the four types of FC preparation, the CTL assay was performed with multiple targets. The CTLs induced by all four types of FC preparation lysed not only autologous colorectal carcinoma cells but also semiallogeneic colorectal carcinoma cell lines COLP-2 and COLP-12, which endogenously expressed CEA or MUC1 or both with a partially matched HLA-restricted element (HLA-A2 and/or A24) (Fig. 6A ). In addition, there was no lysis of COLM-6 (HLA-A2 Ϫ /A24 Ϫ , CEA ϩ and MUC1 ϩ ) by T cells stimulated by FC preparations from patients (HLA-A2 ϩ and A24 ϩ , CEA ϩ and MUC1 ϩ ), suggesting that HLA-A2 and A24 were the restriction elements of CTLs (Fig. 6A) . Moreover, autologous T cells (HLA-A2 ϩ ) stimulated by FC preparations lysed T2 cells pulsed with CEA or MUC1 peptides but not T2 cells pulsed with control influenza matrix peptides, confirming that CTLs specific for CEA or MUC1 or both were HLA-A2 restricted (Fig. 6B) . Interestingly, CTLs primed with Imm/HS-FCs could recognize targets expressing CEA or MUC1 or both more efficiently in an HLA-A2-and/or A24-restricted manner than could CTLs primed with Imm-FCs (Fig. 6,  A and B) . Importantly, although OK-FCs further enhanced CTL activity specific for CEA or MUC1 or both, OK/HS-FCs were the most potent inducers of Ags-specific CTL responses in vitro (Fig.  6, A and B) . These results suggest that fusions of OK-DCs and heat-treated tumor cells might markedly increase therapeutic effects. Next, to evaluate the reactivity of CD8 ϩ T cells to CEA and MUC1, we analyzed the ability to bind CEA and MUC1 peptide-MHC class I pentamers. A pentameric assay of soluble class I MHC-peptide complexes was used to detect Ag-specific CTLs induced by DC/tumor cell FC preparations (42) . As shown in Fig. 6 C and D, after one cycle of stimulation with Imm-FCs, 2.32 and 2.20% of CD8 ϩ T cells were specific for CEA in HLA-A2-and A24-restrictive manners, respectively. Importantly, when autologous T cells were stimulated with OK/HS-FCs, the percentage of CD8 ϩ T cells specific for CEA increased to 8.00 and 7.67% in HLA-A2-and A24-restricted manners, respectively. The frequency of MUC1 pentamer-binding CD8
ϩ T cells among all CD8 ϩ T cells increased to 6.75% (Fig. 6D) . In contrast, CD8 ϩ T cells binding control epitope pentamer were not detected (data not shown). Moreover, CTLs specific for CEA and MUC1 were not detected after T cells were stimulated by an unfused mixture of OK-DCs and heat-treated tumor cells (data not shown). These results suggest that OK/HS-FCs are most efficient in priming CEAand MUC1-specific CTLs in HLA-A2 and/or A24 restriction elements.
Degranulation and IFN-␥ production upon autologous tumor encounter
Degranulation of CD107 a and b is a requisite process of perforin/ granzyme-dependent lytic fashions mediated by responding Agspecific CTLs (48, 49) . Measurement of CD107a and b expression with FACS can be combined with intracellular IFN-␥ staining to more completely assess the functionality of CD8 ϩ T cells expressing cognate TCRs (48, 49) . Although CD8 ϩ T cells primed with Imm-FCs, Imm/HS-FCs, or OK-FCs could degranulate, stimulation of T cells with OK/HS-FCs significantly increased the frequency of CD107-expressing CD8 ϩ T cells producing high levels of IFN-␥ (CD107 ϩ IFN-␥ ϩ CD8 ϩ ) following stimulation with autologous tumor cells (Fig. 7A) . In contrast, CD8
ϩ T cells could not degranulate when T cells were cocultured with an unfused mixture of OK-DCs and heat-treated tumor cells (data not shown). Therefore, our data indicate that OK/HS-FCs can induce CTL responses specific for autologous tumors.
Autologous tumor-specific CD4 ϩ T cells with IFN-␥ profiles
Autologous tumor-induced de novo CD154 expression is highly sensitive for tumor-specific Th cells (46, 47) . The coupling of CD154 expression with multiplexed measurements of IFN-␥ production provides a greater level of detail for the study of tumorspecific CD4 ϩ T cell responses (46, 47) . When exposed to autologous colorectal carcinoma cells, most CD4 ϩ T cells induced by all four types of FC preparation could produce IFN-␥. Interestingly, 17.29% of CD4 ϩ T cells generated by OK/HS-FCs in vitro were IFN-␥-producing tumor-specific T cells (CD154 ϩ IFN-␥ ϩ CD4 ϩ ), a much higher percentage than with Imm-FCs, Imm/ HS-FCs, or OK-FCs (Fig. 7B) . In contrast, CD154 was not expressed on CD4
ϩ T cells when T cells were cocultured with an unfused mixture of both OK-DCs and heat-treated tumor cells (data not shown). These results indicate that OK/HS-FCs are the most potent inducers of tumor-specific CD4 ϩ T cells, which are essential for the induction of augmented CTL responses against autologous tumor cells.
Discussion
The data presented here clearly show that OK/HS-FCs are better able than other FC preparations to generate CTLs against autologous colorectal carcinoma cells in vitro. Antitumor immunity is strongly enhanced when FCs are accompanied by both OK-432-stimulated DCs and heat-treated tumor cells.
We have demonstrated here that heat-treated colorectal carcinoma cells display a characteristic phenotype with increased expression of TAAs (CEA and MUC1), MHC class I molecules (HLA-A2 and/or A24), and multiple intracellular HSPs (HSP70, HSP90 and HSC70) in all cases examined. Intracellular HSPs play an important role as molecular chaperones in cellular protein-folding pathways (26) . Both HSP70 and HSP90 can facilitate the presentation of antigenic peptides on MHC class I molecules, but HSC70 can facilitate TAA processing and presentation on MHC class II molecules (52) . Recent studies have shown that crosspriming is based on the transfer of proteasome substrates that are transcriptionally up-regulated by heat treatment in human cells (53, 54) . This concept offers additional effects by which heat treatment might enhance Ag processing and presentation in MHC class I and II molecules on the surfaces of FCs. In contrast, extracellular HSPs act as chaperon peptides and interact with DCs in a receptormediated manner, leading to maturation as well as proinflammatory responses, all of which are likely to be key danger signals to the immune system (26, 55) .
In this study, DCs/heat-treated tumor cell FCs enhanced immunogenicity more strongly than did FCs prepared with unheated tumor cells. The increased expression of intracellular HSPs (HSP70 and HSC70) and an extracellular HSP70 by Imm/HS-FCs may play a critical role in enhancing the immunogenicity of FCs. Therefore, we investigated the effects of up-regulated HSPs on the function of FCs and found that Imm/HS-FCs exhibited an improved immunostimulatory phenotype with higher levels of IL12p70 production than did Imm-FCs. IL-12 is an important proinflammatory cytokine secreted by DCs and determines Th1/Th2 polarization. Up-regulation of HSPs in tumor cells provides proper costimulation through fusion process and can be expected to be involved in polarizing the T cell responses to a Th1-dominant state. A recent study that has found that HSP70-peptide complexes derived from DCs/tumor cell FCs in mice have increased immunogenicity and are able to carry an increased repertoire of antigenic peptides (56) supports our finding that up-regulated HSPs in FCs enhance FC immunogenicity.
Although the role of HSPs in the enhancement of antitumor responses is generally acknowledged, little is known about how the combination of HSPs and TLR ligands affects the induction of antitumor immunity. Ag presentation by DCs, in the absence of proper costimulation, induces tolerance (1). In particular, recent studies suggest that TLR-agonist CpG ODNs or conserved pathogen-associated molecular patterns, such as OK-432, start the DC maturation process, which is a critical event in the induction of full effector function in T cells (20, 31, 32, 35, 41, 57, 58) . Therefore, we next investigated whether DCs activated by a combination of TLR ligation and up-regulated HSPs enhance the immunogenicity of FCs. We used the TLR4-agonist OK-432 to stimulate ImmDCs, which were then fused with heat-treated tumor cells. Because OK-432 is an agent of good manufacturing practice grade and has been widely used in patients with cancer (33) (34) (35) (36) (37) , an important aspect of our work is its potential clinical relevance. Interestingly, OK/HS-FCs expressed significantly higher levels of CD86 and intracellular HSPs (HSP70, HSP90, and HSC70). Moreover, OK/ HS-FCs more efficiently produced IL-12p70 and HSP70. Our present observations indicate that OK-FCs and Imm/HS-FCs still have insufficient capacity as APCs and that the combination of OK-432 and up-regulated HSPs has favorable characteristics for strongly activating FCs in vitro. Interestingly, intracellular and extracellular levels of HSP70 were higher with OK-DCs than with Imm-DCs and might also be associated with enrichment of HSPs in OK/HS-FCs. Recent reports have demonstrated that the TLR9-mediated activation of DCs by CpG ODNs increases the intracellular levels of HSPs, particularly those of HSP70 (59, 60) . OK-432 may be associated with the up-regulation of HSP70 in DCs via TLR4, because OK-432 induces immune responses via TLR4 (35) . Moreover, HSP-mediated activation of DCs depends on the presence of functional TLR2 and TLR4 molecules to transduce their proinflammatory signals (26) . The intervention strategy in the combination of OK-432 and up-regulated HSPs may act synergistically through the fusion process and result in efficient Ag processing and presentation in the context of up-regulated MHC and costimulatory molecules. Our findings are consistent with those of a recent study that has found that pathogen-associated molecules cooperate efficiently with damage-associated molecules, such as HSPs, in activating DCs (58) .
Surveillance by the innate immune system plays an important role in resistance to cancer. However, once established, augmented CTL induction is particularly important for eradicating tumor cells. Both OK-432 and HSPs are putative ligands of the TLR, stimulate DCs rapidly, and elicit a Th1-promoting phenotype (61, 62) , all of which are essential for exhibiting capacities to prime naive T cells and develop antitumor CTL responses. Our previous study, which found that depletion of CD4 ϩ T cells significantly impairs CTL induction by DCs/tumor FCs (11, 41, 63, 64) , indicates that efficient CTL generation requires the help of CD4 ϩ T cells. Our present study has shown that OK/HS-FCs are superior to other FC preparations for expanding the population of both CD4 ϩ and CD8 ϩ T cells that produce high levels of IFN-␥. Although OKFCs can enhance the efficacy of CTL induction against autologous tumor cells, CTL activity induced by OK/HS-FCs was significantly higher, on a per FC basis, than was that induced by other types of FC preparations in the same set of experiments. Factors that may play important synergistic roles in generating augmented CTL activity include: 1) enhanced expression of CD86, 2) increased production of IL-12p70 and HSP70, and 3) enrichment of intracellular HSPs in OK/HS-FCs.
To confirm the functional significance of tumor-specific CD8 ϩ T cells that produce IFN-␥ and degranulate should be able to kill targets (48, 49) . Therefore, OK/HS-FCs might be used to stimulate tumor-specific CD8 ϩ T cells. Importantly, there is increasing evidence that CD4 ϩ T cells play an important role in helping generate antitumor immunity (66) . Recent reports have described a new assay that enables assessment of Th cells highly specific for tumor cells on the basis of CD154 expression, which plays a fundamental role in the interaction between CD4
ϩ T cells and DCs (46, 47) . Stimulation of T cells with OK/HS-FCs resulted in significantly increased populations of CD4 ϩ T cells producing IFN-␥ and expressing CD154, compared with Imm-FCs, Imm/HS-FCs, or OK-FCs. Therefore, our findings confirm the notion that OK/HS-FCs have more favorable characteristics to induce tumor-specific CTLs and polarize T cells to a Th1-dominant state, all of which are critical in suppressing tumors.
Furthermore, we have assessed the Ag-specific CTL activation by means of CTL assays using many targets and MHC pentamer assays. CEA-and MUC1-specific CTLs were induced simultaneously by OK-FCs at higher frequency, than by Imm-FCs or Imm/HS-FCs. These results indicate that the fusion process (41) and heat-treatment, in the absence of stimuli such as OK-432, induce insufficient FC activation and initiate TAA-specific CTL responses. Heat-treated tumor cells are an effective source of TAAs for a FC-based vaccine. Our findings are consistent with those of another study demonstrating that the increased transcription and translation of multiple TAAs by heat treatment results in enhanced cross-priming by DCs via up-regulation of both HSPs and TAAs (67) . Importantly, OK/HS-FCs are the most potent inducers of TAA-specific polyclonal CTL responses in HLA-A2-and/or A24-restricted manners in this experimental setting. The augmented TAA-specific CTL responses by OK/HS-FCs are due in part to the increased expression of costimulatory molecules and antigenic peptides on the MHC molecules of FCs. These findings support the potential for OK/HS-FCs to boost TAA-specific CTL effector functions in vitro. The mechanisms behind the synergistic effect described here may be based in part on the different intracellular pathways of TLR triggered by OK-432 and HSP (26, 35) . Importantly, these synergistic strategies of two pathways do not exclude the functional overlap between them through the fusion process.
Ex vivo induction and expansion of TAA-specific CTLs for adoptive immunotherapy are the subject of intensive investigation. Coculture of T cells with OK/HS-FCs in the presence of low-dose human IL-2 (10 U/ml) markedly increases the magnitude of FCelicited CTL responses against autologous colorectal carcinoma cells in vitro, indicating that synergism between OK-432 and heat treatment remains even with low doses of IL-2. Our results clearly show that this synergistic effect of OK-432 and HSPs in OK/HSFCs has an important effect on efficient TAA-specific CTL induction and expansion in vitro.
In conclusion, our results demonstrate that effective CTLs can be induced by fusions of OK-DCs and heat-treated tumor cells. Incorporating OK-DCs and heat-treated tumor cells in the activation regimen may increase the immunogenicity of a DC/tumor cell FC-based vaccine and increase the opportunities for efficient presentation of HSP-chaperoned epitopes to T cells. This alternative approach is simple and may be a highly promising strategy for improving DC/tumor cell FC-based vaccination.
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